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Gating of Ca21-Activated K1 Channels
Controls Fast Inhibitory Synaptic Transmission
at Auditory Outer Hair Cells
channels are heteromeric complexes of SK-a subunits
and calmodulin and are gated by changes in intracellular
Ca21 in a voltage-independent manner (Xia et al., 1998;
Fanger et al., 1999). Channels are activated by Ca21
binding to calmodulin that induces conformational
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Ob dem Himmelreich 7 changes resulting in channel opening (Xia et al., 1998;
Fanger et al., 1999; Keen et al., 1999). At steady state,72074 TuÈ bingen
Germany intracellular Ca21 concentrations ([Ca21]i) of between 0.3
and 0.5 mM lead to half-maximal activation of the chan-
nels, while saturation is observed with [Ca21]i of around
10 mM (Xia et al., 1998; Hirschberg et al., 1999; Keen etSummary
al., 1999).
Consequently, the transduction cascade deducedFast inhibitory synaptic transmission in the central
from application of acetylcholine to isolated hair cellsnervous system is mediated by ionotropic GABA or
(Figure 1A) predicts the OHCs to be hyperpolarized uponglycine receptors. Auditory outer hair cells present a
synaptic stimulation for as long as [Ca21]i is sufficientlyunique inhibitory synapse that uses a Ca21-permeable
high to activate SK channels. However, hyperpolarizingexcitatory acetylcholine receptor to activate a hyper-
K1 currents evoked by presynaptic activity have not yetpolarizing potassium current mediated by small con-
been measured directly.ductance calcium-activated potassium (SK) channels.
Here we investigated the inhibitory synaptic transmis-It is shown here that unitary inhibitory postsynaptic
sion at OHCs by monitoring the coupling between thecurrents at this synapse are mediated by SK2 channels
nAChR and the SK channel in response to stimulationand occur rapidly, with rise and decay time constants
of the presynapse in isolated organs of Corti. Correlationof z6 ms and z30 ms, respectively. This time course
of postsynaptic currents with Ca21 gating of heterolo-is determined by the Ca21 gating of SK channels rather
gously expressed SK channels allowed molecular inter-than by the changes in intracellular Ca21. The results
pretation of the IPSC time course and enabled monitor-demonstrate fast coupling between an excitatory ion-
ing of the postsynaptic Ca21 dynamics during synapticotropic neurotransmitter receptor and an inhibitory ion
stimulation.channel and imply rapid, localized changes in subsyn-
aptic calcium levels.
Results
Introduction
OHCs in the organ of Corti, acutely isolated from 2- to
In the central nervous system (CNS), fast synaptic inhibi- 3-week-old rats exhibited intact and mature synapses
tion is generally mediated by a hyperpolarizing chloride (Figure 1B, left panel); they were labeled with an anti-
conductance through ionotropic GABAA and/or glycine body to SK2, consistent with previous results from in
receptors activated by transmitters released from the situ hybridization (Dulon et al., 1998). Using confocal
presynapse (Alger, 1991; Betz et al., 1999). Typically, microscopy, SK2 protein was detected at the basal
such inhibitory postsynaptic currents (IPSCs) rise within membrane of the OHC, where it is contacted by the
a few milliseconds and decay with time constants of efferent nerve endings. No immunoreactivity was seen
tens of milliseconds (Takahashi and Momiyama, 1991; in the apical or lateral membrane (Figure 1B, right panel).
Jones and Westbrook, 1996; Jonas et al., 1998). As shown in Figure 1C, postsynaptic currents were
Auditory outer hair cells (OHCs) receive synaptic input recorded from OHCs in voltage-clamp experiments
from the superior olive that controls cochlear afferent when cells were held at 264 mV and the whole Corti
activity by inhibiting the fast voltage-dependent amplifi- preparation was superfused with high extracellular K1
cation mechanism provided by these sensory cells (Gui- ([K1]ex) to depolarize the presynapse. Postsynaptic cur-
nan, 1996). Different from typical inhibitory synapses, rents reversed at the equilibrium potential for K1 (EK) as
synaptic inhibition in OHCs is thought to be achieved by seen with variations of holding potential and/or [K1]ex in
activation of neuronal acetylcholine receptors (nAChR) the superfusion solution (data not shown). Consistent
that usually mediate excitatory postsynaptic responses. with the model presented in Figure 1A, the postsynaptic
The nAChR in OHCs contains the a9 subunit (Elgoyhen currents were reversibly inhibited by application of ei-
et al., 1994; Vetter et al., 1999) and supplies the postsyn- ther the a9-nAChR blocker strychnine (Elgoyhen et al.,
aptic cell with calcium (Ca21) that initiates an inhibitory 1994) or the SK channel blocker dequalinium (Strobaek
hyperpolarization by opening a Ca21-activated potas- et al., 2000) (complete inhibition at 100 nM and 1 mM,
sium (SK) channel (Figure 1A; Art et al., 1984; Housley respectively; Figure 1C).
and Ashmore, 1991; Fuchs and Murrow, 1992; Blanchet Similar to postsynaptic currents seen upon K1 depo-
et al., 1996; Evans, 1996; Yuhas and Fuchs, 1999). SK larization in CNS neurons (Drewe et al., 1988), postsyn-
aptic currents from OHCs were composed of unitary
events. As shown in Figure 2A, these IPSCs lasted z100* To whom correspondence should be addressed (e-mail: bernd.
fakler@uni-tuebingen.de). ms and exhibited fast rise and decay. The time course
Neuron
596
Figure 1. Generation of IPSCs by Coupling
of nAChRs and SK2 Channels at the Efferent
Synapse of OHCs
(A) Model for inhibitory synaptic transmission
at OHCs as derived from experiments with
isolated cells: Ca21 entering the postsynapse
via the transmitter-activated nAChR opens
SK channels and thus results in hyperpolariz-
ing K1 currents (Art et al., 1984; Fuchs and
Murrow, 1992; Blanchet et al., 1996; Evans,
1996; Yuhas and Fuchs, 1999).
(B) Morphology of the efferent synapse and
distribution of SK2 protein in rat OHCs. Left
panel: electron micrograph of an efferent syn-
apse at an OHC of postnatal stage P13; note
the multiple vesicles at the presynaptic mem-
brane (eff) and the well-developed subsynap-
tic cistern (arrowhead) underneath the post-
synaptic membrane. Scale bar is 0.25 mM.
Right panel: SK2 immunoreactivity (red fluo-
rescence; green fluorescence is actin stain-
ing by labeled phalloidin) in OHCs at stages
P15 (upper right) and P22; note that staining
only occured at the basal pole of the OHC.
Scale bars are 5 mM (upper panel) and 10 mM
(lower panel).
(C) IPSCs were reversibly inhibited by the a9-
nAChR blocker strychnine (300 nM) and the
SK2 channel blocker dequalinium (1 mM).
OHCs were whole-cell voltage clamped to
264 mV (for details see Experimental Proce-
dures), and IPSCs were recorded in response
to superfusion of the preparation with 47 mM
external K1; SK-mediated K1 currents are in-
ward currents under these conditions due to
the positive EK. Application of high K1 and
toxins as indicated by horizontal bars; wash-
out was 3 min for strychnine and 7 min for
dequalinium, current and time scaling as indi-
cated.
was independent of whether the IPSC was recorded These kinetics resembled the kinetics that were re-
cently observed for the onset and decay of currentswith the K1 depolarization method or whether it was
recorded in response to spontaneous release of trans- mediated by heterologously expressed SK2 channels in
response to fast piezo-driven application of saturatingmitter from the presynapse at physiological conditions
for membrane potential and [K1]ex (Figure 2B). IPSC am- intracellular Ca21 concentrations (Xia et al., 1998). Figure
3A compares an IPSC to such a current response asplitude and kinetics did not change with the age of the
animals, although number and frequency of IPSCs elic- obtained in an inside-out patch with fast application
of 10 mM Ca21 (solution exchanges occurred with timeited by a single K1 depolarization were higher in OHCs
from older stages. Analysis of the IPSCs observed dur- constants of #0.5 ms). Kinetic analysis of responses
such as in Figure 3A yielded a 20%±80% rise time foring single K1 depolarizations showed that they were
variable in amplitude (ratio of largest to smallest IPSC the SK2 current of 6.18 6 1.91 ms (n 5 10) and a tdecay
of 34.7 6 6.5 ms in close agreement with the kineticswas $20) but were homogenous with respect to their
kinetics (Figure 2C). Thus, the 20%±80% rise time of the of IPSCs that were 6.32 6 0.55 ms (7 OHCs with $30
IPSCs each) and 27.9 6 6.6 ms (Figure 3B). The kineticIPSCs was about 6 ms and the time constant obtained
from monoexponential fits to their decay (tdecay) exhibited similarities were only observed with saturating Ca21 con-
centrations. At lower concentrations, values markedlyvalues of about 30 ms (Figure 2C).
Fast Synaptic Transmission by Ion Channel Coupling
597
Figure 2. IPSCs at the OHC Synapse Occur in the Millisecond Range
(A) IPSCs recorded upon K1 depolarization (150 mM K1) as in Figure 1C; lower panel shows section indicated by brackets at enlarged time
scale.
(B) IPSC recorded from an OHC in response to spontaneous transmitter release from the presynapse at extracellular K1 of 5.8 mM and a
holding potential of 274 mV. Note that the SK2-mediated IPSC appears as an outward current under these conditions, while the nonselective
nAChR current preceeding the IPSC is an inward current. An IPSC from the experiment in (A) was added for comparison (note the difference
in current scaling).
(C) Twenty to eighty percent rise time and tdecay of IPSCs recorded during a single high K1 application of 15 s plotted against the IPSC
amplitude.
increased for the 20%±80% rise time of SK2 currents that narrows the profile of [Ca21] around a Ca21 source
and accelerates the decay of local Ca21 transients upon(e.g., 20%±80% rise time at 0.5 mM Ca21 was z80 ms).
These data suggested that the time course of the IPSC closing of this source (Roberts, 1994; Wu et al., 1996;
Klingauf and Neher, 1997; Neher, 1998). Figure 5A showsat the OHC efferent synapse may be shaped by the
gating properties of SK2 channels. IPSCs recorded before (perforated) and at two time
points after breakthrough into whole-cell configurationWe, therefore, attempted to reconstitute IPSCs by
brief application of 10 mM Ca21 to SK2 channels. Since (19 and 39). Dialysis with BAPTA (at 5 or 10 mM) reduced
the amplitude of the IPSCs to between 50% and 10%IPSCs varied in their duration (width at half-maximal
amplitude was 42.4 6 10.3 ms, n 5 7 OHCs with $30 of the predialysis (perforated) value, while the time
course of the IPSC remained unchanged (Figures 5A,IPSCs each) application times of 5±50 ms were used.
As shown in Figure 4A, SK2 currents evoked by 10±30 inset, and 5B). The slow Ca21 chelator EGTA used at the
same concentrations had no effect on either the amplitudems applications were in excellent agreement with IPSCs,
while longer applications of 10 mM Ca21 as well as Ca21 or the time course of the IPSC (Figures 3 and 5B).
These results strongly support the hypothesis of theconcentrations ,10 mM were different from IPSCs (data
not shown). This time is in accordance with the influx of IPSC time course being determined by the SK channel
gating rather than to directly follow the decrease inCa21 through the nACh receptors. As shown in Figure 4B,
the nAChR current had small amplitudes and exhibited [Ca21]i. This was further supported by experiments that
tested the effect of altered SK channel gating on thevalues for the 20%±80% rise time and tdecay of 0.84 6
0.17 ms and 8.05 6 2.43 ms (n 5 40), respectively. IPSC time course. As shown in Figure 5C, 1-ethyl-2-
benzimidazolinone (EBIO) slows down deactivation ofThe difference in tdecay observed between nAChR cur-
rents and IPSCs may either be due to the kinetics of SK2 channels by almost 10-fold (tdecay of 294.9 6 40.1
ms, n 5 8) with no obvious effects on either activationSK2 gating, as suggested above, or result from the Ca21
transients at the postsynaptic membrane that may last kinetics or current amplitude observed with 10 mM Ca21.
Moreover, EBIO shifts the Ca21 sensitivity of SK2 chan-longer than the decay of the nAChR current. We, there-
fore, recorded IPSCs from OHCs first in the perforated nels toward lower concentrations such that 50 nM in-
stead of 300 nM Ca21 is sufficent to induce channelpatch configuration and then after establishing whole-
cell conditions that dialyzed the OHC with millimolar activation (data not shown). When applied to OHCs,
EBIO increased the decay time of IPSCs to the sameconcentrations of bis(2-aminophenoxy)ethane-N,N,N9,N9,-
tetraacetic acid (BAPTA). BAPTA is a rapid Ca21 chelator extent as that seen with SK2 currents (tdecay of 304.2 6
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by the gating of the SK channels and does not directly
reflect the dynamics of the postsynaptic [Ca21]. Thus,
these Ca21 dynamics must be faster than the IPSC time
course. Specifically, [Ca21]i should increase from resting
to saturating levels ($10 mM) within less than 1 ms and
decay rapidly, within z20 ms thereafter, as shown, by
appropriately timed applications of saturating [Ca21]
(Figure 4A). The resting [Ca21] in OHCs is estimated to
,50 nM as an increase in Ca21 sensitivity of SK channels
by EBIO did not activate K1 currents in the absence of
synaptic stimulation (Figure 5C).
Submillisecond changes in [Ca21] as derived here are
known to occur in microdomains around rapidly gating
Ca21 sources, suggesting that SK2 channels and nAChR
are colocalized (Roberts, 1994; Wu et al., 1996; Klingauf
and Neher, 1997; Neher, 1998). Recordings of the nAChR
current confirmed that the receptor behaves as a rapidly
gating Ca21 source that activates within # 1 ms and
deactivates with a time constant of less than 10 ms
(Figure 4B). Moreover, colocalization of SK2 and nAChR
was confirmed in experiments with the mobile buffers
BAPTA and EGTA that are known to differentially affect
the Ca21 profile around a given Ca21 source. Due to its
Figure 3. Kinetics of IPSCs Are Similar to Activation and Deactiva- fast binding kinetics, BAPTA is much more effective in
tion Kinetics of SK2 Channels at Saturating Ca21 reducing the spatial extent of increased [Ca21] around
(A) Left panel: IPSC recorded from an OHC with the K1 depolariza- the Ca21 source than the slow buffer EGTA (Roberts,
tion method. Right panel: K1 current in response to fast piezo-driven 1994; Neher, 1998). Our results show that IPSCs were
application of 10 mM Ca21 to a giant inside-out patch expressing effectively reduced by millimolar concentrations of
SK2 channels. Holding potential was 280 mV, and K1 concentration
BAPTA, while the same amount of EGTA was totallywas 120 mM on either side of the membrane. Inset: fast application
ineffective. In analogy to work on presynaptic Ca21 sig-device with a double-barrel pipette placed in front of a patch pipette;
naling, these results place nAChRs and SK2 channelssolution exchange at an inside-out patch occurred with time con-
stants #0.5 ms. Current scale as indicated; time scaling was 100 in microdomains of some 10 nm (Neher, 1998).
ms in both panels. In conclusion, colocalization of nAChRs and SK2
(B) Left panel: rise time of IPSCs and SK2 currents activated by 10 channels in a Ca21 microdomain together with the rapid
mM Ca21; bars represent mean 6 SD from 7 OHCs (about 30 IPSCs
gating of the Ca21 source generates fast IPSCs, the timeeach) and 10 patches, respectively. Right panel: time constants for
course of which is governed by the Ca21 gating of thedeactivation of SK2 channels (toff) and decay of IPSCs (tdecay).
SK channel.
The OHC efferent synpase represents an example for
fast inhibitory synaptic transmission that is not due to42.4 ms, n 5 10), while rise time and amplitude of the
activation of ionotropic GABAA and/or glycine receptorsIPSCs remained essentially unchanged (Figures 5C,
but rather results from rapid coupling of an excitatorylower panel, and 5D). These results indicated that the
and an inhibitory ion channel. Based on the number ofIPSC is indeed shaped by the Ca21 gating of SK2 chan-
transmitter-activated ion channels permeable to Ca21nels. Moreover, the inability of EBIO to induce SK2 cur-
and the wide distribution of SK channels in the CNSrents prior to synaptic stimulations suggests resting lev-
(Kohler et al., 1996; Pedarzani and Stocker, 2000), thisels ,50 nM for Ca21 at the postsynaptic membrane.
may be a general mechanism for the generation of fast
inhibitory synaptic transmission mediated by otherwiseDiscussion
excitatory neurotransmitters.
Our results show that IPSCs recorded from OHCs upon
Experimental Procedures
presynaptic stimulation exhibit a fast time course with
rise and decay time constants in the millisecond range Electrophysiology on OHCs
Organs of Corti were dissected from the cochleae of Wistar rats(Figures 2 and 3). This time course is considerably faster
(11±24 days old) as described previously (Oliver and Fakler, 1999).than what was observed with application of acetylcho-
Briefly, animals were killed by decapitation, cochleae were dis-line to isolated OHCs (Housley and Ashmore, 1991;
sected, and the organ of Corti was separated from the modiolus
Fuchs and Murrow, 1992; Blanchet et al., 1996; Evans, and stria vascularis. The preparation was performed in a solution
1996) and characterizes the OHC efferent synapse as a containing (in mM) 144 NaCl, 5.8 KCl, 0.1 CaCl2, 2.1 MgCl2, 10 HEPES,
fast inhibitory synapse similar to those operated by 0.7 Na2HPO4, 5.6 glucose, pH adjusted to 7.3 with NaOH. Recordings
were done on OHCs located between half and one turn from theGABAA or glycine receptors.
apex of the cochlea. If necessary, supporting cells were removedMoreover, the IPSC time course is identical to the
with gentle suction from a cleaning pipette, carefully avoiding me-gating kinetics of heterologously expressed SK2 chan-
chanical disturbance of the efferent nerve terminals.
nels at saturating [Ca21] (Figures 3 and 4A). Together Whole-cell patch-clamp recordings were done with an Axopatch
with EBIO-induced alteration of the gating properties, 200B amplifier (Axon Instruments, Foster City, CA) at room tempera-
ture (228C±258C). Electrodes were pulled from quartz or borosilicatethis indicated that the shape of the IPSC is determined
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Figure 4. Duration in Ca21 Increase Required
for Shaping IPSCs in Fast Application Experi-
ments Are in Agreement with the Kinetics of
the nAChR Current
(A) Upper panel: IPSCs of different duration
recorded from one OHC scaled to maximum
and arranged to overlay in their decay. Black
trace represents mean duration; gray traces
are longer and shorter by about one SD.
Lower panel: SK2 currents in response to 10
mM Ca21 applications of 5, 10, 30, and 50 ms
duration; traces are arranged as in the upper
panel. Time scaling is 100 ms and identical
in both panels, current scales as indicated.
(B) Upper panel: nAChR-mediated currents
recorded in an OHC in response to transmitter
release from a spontaneously active presyn-
apse, conditions as in Figure 2B; OHCs were
voltage clamped to EK (281 mV) to avoid dis-
tortion of the nAChR current by the SK2-
mediated K1 currents. Current and time scaling
as indicated. Lower panel: 20%±80% rise
time and tdecay of the nAChR-mediated excit-
atory postsynaptic current (EPSCs); bars rep-
resent mean 6 SD of 40 EPSCs from 5 OHCs.
glass, had resistances of 2±3 MV, and were filled with intracellular The experimental chamber was continuously perfused with extra-
cellular solution (in mM: 144 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 10solution consisting of the following (in mM): 135 KCl, 3.5 MgCl2, 0.1
CaCl2, 5 EGTA, 5 HEPES, 2.5 Na2ATP, pH adjusted to 7.3 with KOH. HEPES, 0.7 Na2HPO4, 5.6 glucose, pH adjusted to 7.3 with NaOH).
Chemicals as well as depolarizing solutions were applied via a glassWhole-cell series resistance ranged from 5 to 15 MV, and membrane
capacitance of OHCs was 17.6 6 2.1 pF at 264 mV. capillary positioned close to the organ of Corti. Stock solutions of
Figure 5. Time Course of the IPSC Is Determined by the Ca21 Gating of SK2 Channels
(A) Left panel: IPSCs recorded from an OHC in the perforated patch configuration (perforated) and at two time points (1 and 3 min) after
establishing whole-cell configuration with 5 mM BAPTA present in the patch pipette; traces are representative for the largest IPSCs recorded
under each condition. Right panel: overlay of the perforated IPSC and the 39 BAPTA IPSC from the experiment in the left panel. Current scale
is 50 pA, time scale as indicated.
(B) Rise time and decay of IPSCs were not affected by intracellular dialysis with 5 mM BAPTA; bars represent mean 6 SD of four experiments.
(C) SK2 current response in a fast-application experiment with 10 mM Ca21 (upper panel) and IPSCs recorded from an OHC upon K1
depolarization (47 mM K1, lower panel) in the absence and presence of EBIO (2 mM). Current amplitudes were scaled to maximum, time scale
as indicated.
(D) Increase of toff (SK2) and tdecay (IPSC) induced by EBIO; bars represent mean 6 SD of 8 and 10 experiments, respectively.
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linopirdine (from RBI), dequalinium dichloride (from Tocris), and the gift of the SK2 clone and reading of the manuscript. This work
was supported by grants to B. F. (IZKF2000/IA4, HFSP RG0233/EBIO (from Tocris) were prepared in dimethyl sulfoxide (final concen-
tration #0.1%), and strychnine hydrochloride (from Sigma) was dis- 1999-B).
solved in distilled water. For depolarizing external solutions, KCl
was substituted for an equal amount of NaCl to result in [K]ex between
Received May 19, 2000; revised June 1, 2000.30 and 150 mM. For recordings of nAChR currents and perforated
patch recordings, external [Ca21] was increased to 10 mM, since
this reduced the current noise by up to 4-fold. Linopirdine (10±100
ReferencesmM) was added to all experimental solutions to block the OHC K1
current Ik,n (Housley and Ashmore, 1992; Marcotti and Kros, 1999).
Alger, B.E. (1991). Gating of GABAergic inhibition in hippocampalFor perforated patch recordings, pipettes were tip filled with a
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